When we manipulate an object, grip force is adjusted in anticipation of the mechanical 35 consequences of hand motion (i.e., load force) to prevent the object from slipping. This 36 predictive behaviour is assumed to rely on an internal representation of the object dynamic 37
Introduction 54
Efficient motor control relies on the brain learning to specify motor commands but also to 55 predict the consequences of these motor commands (Wolpert and The leading hypothesis is that the nervous system anticipates the load force using internal 69 representations of the body and the object in conjunction with a copy of the motor commands 70 (Flanagan and Wing 1997; Kawato 1999) . How the nervous system develops and updates 71 internal representations of the body and its environment is a central issue in research on motor 72
control (Shadmehr and Wise 2005). 73
Object manipulation critically relies on the updating of the internal representation of 74 object dynamics based on sensory feedback. Prior to picking up an object, vision provides 75 critical information (e.g., size or shape) to infer its dynamic properties and specify grip force 76 (Cole 2008; Jenmalm et al. 2000; Lukos et al. 2008) . Once the object is actually grasped and 77 lifted, visual feedback seems less critical as suggested by the lack of difference in grip force 78 were recorded (in N) at 1000 Hz. 154
155
Procedure. The participants were instructed to continuously move the hand-held object in the 156 fronto-parallel plane to track the target with the cursor as accurately as possible (Fig. 1) . 157
Object motion was seen through a computer monitor and, as in similar studies (Dingwell et al. To analyze movement kinematics, hand position (estimated from LF) was differentiated to 225 obtain velocity and acceleration signals. The absolute values of peak velocity, mean velocity 226 and peak acceleration were used as dependant variables. The grip-load force coupling was 227 assessed using cross-correlation between GF and LF, which provides a correlation coefficient 228 The main statistical analyses used in this study were analyses of variance (ANOVA). 233
To analyse the effect of delayed visual feedback in Experiment 1, we report the results of a 234 two-way repeated-measure ANOVA with Delay (13 levels: 0, 25, 50  300 ms) and Trial (6 235 levels) as within-subject factors. This analysis pools together the two 5-s bins with the same 236 visual delay in the ascending and descending phase of each trial. Similar procedures were 237 used in Experiment 2 to analyse the effect of Complexity (13 levels: 0, 25, 50  300 arbitrary 238 units) and Delay (13 levels: 0, 25, 50  300 ms). When significant effects were found, trend 239 analyses were performed using polynomial contrasts. Greenhouse-Geisser correction was 240 used to correct for non-sphericity. The normality of data sets was verified using the 241 
Results

260
Experiment 1 261
Manual tracking with delayed visual feedback 262
The effect of delayed visual feedback on tracking performance is presented in Figure 3 , which 263
shows the average behaviour during all 12 experimental trials. The three initial NORMAL, 264 PRE-test trials were used to assess baseline performance. RMSE is presented in Figure 3A , 265 GF and LF appear on Figure 3B and the temporal lag between cursor and target motion is 266 shown in Figure 3C . The thin line on Figure 3C represents the visual delay. The instant at 267 which the maximal delay is reached is indicated by vertical dash-dotted lines on all panels. In 268 the first DELAY trial, it can be seen that the cursor-target lag increased when the visual delay 269 increased. However, the cursor-target lag varied less than the visual delay, indicating that 270 participants actively compensated for the presence of the visual delay. For instance, when the 271 visual delay was 300 ms, the cursor lagged behind the target by 100 ms, meaning that 272 participants partly compensated for the visual delay by having their hand motion preceding 273 target motion by 200 ms. When the visual delay decreased to 0 (end of the trial), the cursor-274 target lag decreased and even became negative. Because the cursor was now preceding the 275 target, RMSE increased again. Such detrimental effect persisted until initiation of the next 276 trial. This pattern of results was observed in all subsequent DELAY trials. 277
To analyse the relation between delayed visual feedback and cursor-target lag, the 278 cursor-target lag was submitted to a two-way repeated-measure ANOVA with Delay (13 279 levels) and Trial (6 levels) as within-subject factors (see Methods). The effect of Delay on the 280 cursor-target lag was significant (F 12,108 =106.8; P<0.001) and the trend analysis of this effect 281
showed that the cursor-target lag increased essentially linearly with the delay since the linear 282 trend explained 94% of the variance. Figure 4A shows Figure 3C shows that in POST trials, the cursor preceded the target. To assess the 291 significance of this anticipatory behaviour, the (entire) first POST trial was compared to the 292 last PRE trial using a repeated-measure ANOVA with Trial (PRE, POST) and Time bin (26 293 levels) as within-subjects factors. Although signs of adaptation in the post-test trials were 294 potentially washed off (due to the fact that the visual delay was reset to 0 at the end of 295 DELAY trials), significant main and interaction effects on the cursor-target lag were revealed 296 (all Fs>2.5; all Ps<0.01). Post-hoc analysis of the interaction effect (F 25,225 =2.6; P<0.001) 297
showed that the lag significantly differed for the first three 5-s bins between PRE and POST 298 trials. 299
With respect to movement kinematics, participants moved the hand-held object at the 300 target frequency. Indeed, a peak-to-peak analysis showed that, for each trial, the average 301 movement frequency was 0.555 Hz. We further analysed whether delayed visual feedback 302 influenced hand movement kinematics. Two-way ANOVAs with Delay (13 levels) and Trial 303 (6 levels) as within-subject factors showed that as the visual delay increased, peak hand 304 velocity increased (from 0.25 to 0.31 m/s; F 12,108 =24.9; p<0.001) as well as mean hand 305 velocity (from 0.12 to 0.13 m/s; F 12,108 =10.6; p<0.001) and peak hand acceleration (from 1. The main finding of the present study is illustrated in Figure 3D . It shows that delayed visual 314 feedback affected the temporal coupling between GF and LF such that the two signals were 315 less synchronised. Indeed, in all DELAY trials, GF was shifted forward and thus preceded 316 more LF as a function of the visual delay. When the visual delay was maximal (300 ms), GF 317 preceded LF by ~80 ms, whereas GF preceded LF by ~30 ms at the initiation of DELAY 318 trials (as in PRE trials). A two-way repeated-measure ANOVA with Delay (13 levels) and 319
Trial (6 levels) as within-subject factors confirmed the main effect of Delay (F 12,108 =8.4; 320
P<0.01). The trend analysis revealed that the linear component (P<0.05) explained 81% of the 321
variance. Figure 4B illustrates the linear correlation between the visual delay and the grip-322 load lag, indicating that the observed effect is not a purely default response. 323
The grip-load lag was not significantly affected by Trial (F 5,45 =1.3; P>0.05) and there 324 was no significant interaction effect (F 60,540 =1.1; P>0.05). In summary, although the physical 325 properties of the hand-held object remained strictly identical, the visual delay affected the 326 predictive control of grip force, shifting forward its modulation (up to ~50 ms). This is shown 327 in Figure 5A which compares the mean temporal profiles of GF and LF with and without 328 visual delay. Figure 5B shows the related GF-LF phase portraits in which a straight line 329 corresponds to perfect synchrony while an ellipse indicates a phase lag between the two 330 signals. This figure clearly illustrates that the visual delay increased the asynchrony between 331 GF and LF. 332
Although the grip-load lag was affected by the visual delay, the coefficient of cross-333 correlation between GF and LF was not. Indeed, a Delay x Trial ANOVA on the R value 334 (transformed in z score) between GF and LF did not reveal any significant main effect or 335 interaction (all Ps>0.05). The mean R value was 0.93 across DELAY trials and was 0.91 336 across PRE trials. 337 Figure 3B shows that while LF was stable, GF decreased within trials and across trials. 338
The decrease in GF was not correlated with the up-and-down variation in visual delay, as 339 supported by a Delay x Trial ANOVA which did not reveal any significant effect (mean 340 We also examined whether, when the visual delay varied (i.e., in DELAY trials), 348 variations in grip-load lag were influenced by subjects' ability to compensate for the visual 349 delay in the manual tracking task. For each subject, the mean grip-load lag obtained across 350 NORMAL trials (at t=65 s) was subtracted from the mean grip-load lag obtained across 351 DELAY trials observed at t=65 s, i.e., when the visual delay was maximum. The ability to 352 compensate for the visual delay was assessed by subtracting for each subject the mean cursor-353 target lag across DELAY trials (at t=65 s) from the maximum visual delay (300 ms). Across 354 subjects, there was no significant correlation between these two parameters (R=-0.15; 355
P>0.05). 356
To assess the presence of changes in grip force control after exposure to delayed visual 357 feedback, we compared the trials immediately preceding and following DELAY trials using a 358 reveal any significant main or interaction effect on the grip-load lag (all Ps>0.05). The first experiment demonstrated the influence of delayed visual feedback on grip force 365 control. Because increasing the visual delay also increased the complexity of the task, we 366 performed two additional conditions to tease apart the effects of task complexity and delayed 367 visual feedback. To achieve this goal, we focused on the comparison between DELAY trials 368 from Experiment 1 and COMPLEX or DELAY-noT trials from Experiment 2 (rather than on 369 the comparison between COMPLEX and DELAY-noT trials). 370
371
Tracking an unpredictable target (without visual delay) 372 Figure 6 shows that while the RMSE and the cursor-target lag remained stable throughout the 373 initial NORMAL trials, both RMSE and cursor-target lag varied in COMPLEX trials such 374 that they increased when the complexity of the target motion increased (throughout the first 375 65 s). Conversely, when the complexity of target motion decreased, both RMSE and cursor-376 target lag decreased. The influence of target motion complexity was statistically confirmed by 377 an ANOVA with Complexity (13 levels) and Trial (3 levels) as within-subject factors. The 378 ANOVA on the cursor-target lag showed a significant effect of Complexity (F 12,108 =128.9; 379 P<0.001). The trend analysis of this effect showed that the cursor-target lag increased linearly 380 with the complexity (P<0.001), this trend explaining 95.4% of the variance. There was no 381 significant interaction (F 24,216 Figure 6B shows that, although some variations in the grip-load lag were observed during 401 COMPLEX trials, these variations were not related to target motion complexity (which 402 increased and decreased within each of the 3 COMPLEX trials). An ANOVA with 403 Complexity (13 levels) and Trial (3 levels) as within-subject factors did not reveal any 404 significant effect (all Ps>0.05). In DELAY-noT trials, no target was displayed but a peak-to-peak analysis showed that 418 participants moved the hand-held object at the requested frequency (mean=0.554 Hz). 419
Analysing hand movement speed and acceleration, two-way ANOVAs with Delay (13 levels) 420 and Trial (3 levels) as within-subject factors showed that when the visual delay increased, 421 Bowen 1980) despite the fact that those could have been washed off due to our experimental 508 design (i.e., the visual delay being reset to 0 at the end of each trial). These findings are 509 consistent with the idea that introducing a visual delay leads to an adaptive modification of 510 the visuo-motor transformations (Miall and Jackson 2006). On the other hand, our protocol 511 never changed the relationship between arm motor commands and the resulting load force 512 (and thus somatosensory consequences). Therefore, there was a priori no need to modify the 513 predictive control of grip force. Still, changes in the relation between grip force and load force 514 were observed, and these were always observed concurrently with adaptation in manual 515
tracking. This raises a question: Could adaptation of hand movement to delayed visual 516 feedback have caused changes in the control of grip force? 517
We believe this is unlikely for the following reasons. First, changes in manual tracking 518 performance and grip force control exhibited different patterns. Indeed, in the main 519 experiment, the effect of delayed visual feedback on the grip-load lag did not significantly 520 change throughout the trials, while the cursor-target lag did. Second, while we found 521 differences in hand movement control between PRE and POST trials, no such significant 522 differences were found in grip force control (although a possible wash-out due to our 523 procedure cannot be discarded). Third, we did not find a significant correlation between 524 subjects' ability to compensate for the visual delay (as reflected by the cursor-target lag) and 525 grip-load force synchrony. In other words, the subjects who compensated the most efficiently 526 for the visual delay were not necessarily those who exhibited the largest changes in grip force 527
control. 528
Altogether, these findings suggest that the adaptation of hand movements did not 529 critically influence grip force control, which may have theoretical implications. Indeed, it has 530 been suggested that both grip force control and arm movement control rely on forward models 
How does visual feedback affect the predictive control of grip force? 541
The current study showed a continuous change in grip force control as visual feedback was 542 progressively delayed. Having discarded an influence of task complexity and arm movement 543 adaptation, we now consider the possible mechanisms by which delayed visual feedback 544 could directly act upon grip force control. A first possibility could be that delayed visual 545 feedback influenced grip force control because, under challenging conditions, the visual 546 position of the object started being used to infer the current tension of the elastic, namely the 547 load force. Assuming that grip force became adjusted with this 'visually perceived load' 548 offers a rationale for the increased asynchrony between grip force and load force. However, 549 while this scheme predicts delayed grip force adjustments (relative to load force) when the 550 visual delay increases, the opposite pattern was observed. This indicates that grip force was 551 not timed to the visual feedback of object motion. 552
It is possible that the effect of delayed visual feedback on the grip-load lag could 553 reflect the subject's response to the uncertainty caused by the spatial and temporal mismatch 554 between visual and real object motion (i.e., visuo-proprioceptive mismatch; Langenberg et al. 555 1998). One could reason that earlier grip force adjustments represent a safety measure to 556 make sure that the object does not slip. However, the load force was constantly oscillating 557 (i.e., increasing and decreasing) in our task. Although earlier grip force adjustments could be 558 viewed as a safety measure when the load force is about to increase, it should be pointed out 559 that grasp stability is threatened when the grip force starts decreasing while the load force is 560 still increasing. 561
Because delayed visual feedback influenced movement kinematics, one may question 562 whether kinematic changes could be responsible for changes in grip-load force coupling. The 563 fact that similar effects were observed on grip force control in both DELAY and DELAY-noT 564 trials, despite opposite changes in kinematics, does not support this hypothesis. Furthermore, 565 this scheme has also difficulties to account for the observation that movement speed and 566 acceleration increased in DELAY and COMPLEX trials, while distinct effects were obtained 567 on the grip-load lag. Altogether, it seems that movement kinematics did not critically 568 influence the temporal coupling between grip force and load force. This conclusion fits rather between cursor and hand movement may have been perceived as the adjunction of a novel 588 mass-spring system whose (virtual) load was also taken into account to control grip force. 589
Interestingly, one feature of a mass-spring system is that when being oscillated (at a constant 590 frequency), the mass is lagging behind the imposed motion (by a constant delay). as a visual delay, we used a mechanical model (see Appendix) in which a damped mass-595 spring system was attached to the hand (in addition to the real elastic). Our simulations (see 596 also Fig. 9 ) showed that i) the virtual load force is alternating between positive and negative 597 values (mean=0) and ii) there is a phase lag between the virtual and the real, elastic load. 598
Therefore, contrary to intuition, the adjunction of a mass-spring system does not necessarily 599 increase the combined (real + virtual) load force. However, one critical effect of summing the 600 real load with the virtual load is a forward shift of the combined load with respect to the real 601 load. We reason that if grip force is modulated as a function of this combined load force, this 602 should also result in a forward shift of grip force (i.e., earlier modulations). In order to obtain 603 a 50 ms forward shift (as observed in Experiments 1 and 2), the model provided a set of 604 parameters for the mass-spring system which did not appear unrealistic (mass=0.5 kg, 605 stiffness=3.1 N/m, damping=1.5 N/m/s). 606 Altogether, the model suggests that earlier grip force modulations could result from 607 the visually-induced illusion of a mass-spring system attached to the hand-held object, 608 thereby affecting the representation of the object dynamics. This scheme would be consistent 609 with another study in which participants felt that "when the visual delay is of the order of 250 610 ms, one's arm and hand movements take on a peculiar 'rubbery' quality" (Smith 1972; see 611 also Vercher and Gauthier 1992, p. 602). One may speculate that such visually-induced 612 illusion contributes to the detrimental effects of visual delays during teleoperation (e.
Concluding remarks 616
The present study showed that the predictive control of grip force was influenced by delayed 617 visual feedback. The fact that visual feedback is important for internal representations prior to 618 picking up an object has been reported earlier (Cole 2008 
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640
The delayed visual feedback (cursor motion) corresponds to the motion of a damped mass-641
spring system 642
In our model, we first assumed that the hand trajectory was sinusoidal. Formally, the hand 643 trajectory y(t) is defined as 644
(1) 645
where ω = 2π / T = 3.49 (period T = 1.8 s) is the angular frequency of the target motion and 646
A H = 0.06 m is the amplitude of the hand motion. 647
648
The cursor followed the same trajectory 649 The equation of motion of this system is 657 The core idea of this model is that the grip force is not coupled with the real load but is 671 coupled with the combined load F T 672
that results from adding the load of the elastic 1 (F E ) to the load of the virtual mass-spring 674 system (F M ). More specifically, the load of the elastic (F E ) is 675 force applied to the mass (F ext ) 681
where x(t)= A M sin(ω F (t + θ)) is the motion of the mass. 683
684
The combined load is itself a sine function: 685
with amplitude 687
and lag (relative to A H ) 689 A M , see Eq. 6). To model our results, the lag θ L of the combined load must be positive to lead 693 the hand. Since the numerator is negative when the visual feedback is delayed (θ < 0), the 694 denominator must also be negative, which is true as long as mω 2 A M cos(ωθ) < k E A H . 695
696
Computation of the parameters of the damped mass-spring system 697
The parameters m, k and c of the damped mass-spring system have to be selected so that the 698 steady-state solution (Eq. 4) corresponds to the cursor motion (Eq. 2). In other words, the 699 amplitude of the mass motion A M (Eq. 5) must correspond to the amplitude of the cursor 700 motion A C , and the lag of the mass θ M (Eq. 6) must correspond to the visual delay θ. In 701 addition, the parameters of the damped mass-spring system must also be selected so that the 702 phase-shift θ L of the combined load (Eq. 12) corresponds to the forward shift of the grip force. 703
After these substitutions, Equations 5, 6 and 12 fully constrain the three parameters of the 704 mass-spring system. 705
Assuming that the amplitude of the hand movement A H is equal to that of the cursor 706 motion A C allows computing more easily the parameters of the mass-spring system 2 . 707 Substituting A M with A H in Eq. 6 yields the following formula for the stiffness 708 illustrate how the parameters of the mass-spring system must change to obtain a phase-shift of 737 the combined load that corresponds to the grip-load lag observed in this study (white line). 738
These figures indicate that the direction of phase-shift of the combined load does not critically 739 depend on the parameters values of the virtual mass-spring system. In summary, the model 740 shows that the perception of an additional mass-spring system (instead of a visual delay) 741 could explain the forward shift of grip force in our study. 742 
